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Hyperuniform geometries feature correlated disordered topologies which follow
from a tailored k-space design. Here, we study gold plasmonic hyperuniform
disordered surfaces and, by momentum spectroscopy, we report evidence of k-
space engineering on both light scattering and light emission. Even if the struc-
tures lack a well-defined periodicity, emission and scattering are directional in
ring-shaped patterns. The opening of these rotational-symmetric patterns scales
with the hyperuniform correlation length parameter as predicted via the spec-
tral function method. © 2017 Author(s). All article content, except where other-
wise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4983990]
Coherent control of optical waves by scattering from 2D nanostructured surfaces is revolution-
ising the way we shape the wavefront of an incoming light beam, thus opening new avenues for
miniaturised optical components for integrated optical circuits,1 flat display technology,2 and energy
harvesting.3,4 Metallic surfaces are in particular attractive due to the strong light-matter interac-
tion associated with surface plasmons, enabling diffraction control through plasmonic crystals5,6
and metal nano-particle arrays,7,8 broadband operation and increase of the plasmon mode density,9
enhanced omni-directional light extraction and coupling,10 broadband absorption,11 fluorescence
enhancement12 and lasing,13,14 and more recently the realisation of ultra thin lenses15 and metasurface
holograms.16
Whereas periodic geometries suffer from limited rotational symmetries, aperiodic and disordered
topologies, with their richer symmetries and patterns, can lead to superior optical functionalities,8 as
in omnidirectional absorption for solar applications,17,18 scattering-induced light localisation,19 and
light extraction from the light emitting diodes (LED).20 Moreover, disordered surfaces are expected
to be more resilient against the fabrication imperfection and therefore more apt for the technological
implementation. Given the vast possible designs of non-periodic topologies, ranging from random to
correlated-disordered, their full potential is still to be fully explored.
There exists a general class of disordered systems, called hyperuniform disordered (HuD)
photonic structures, which are of particular interest because they exhibit wide and isotropic pho-
tonic band gaps,21,22 rotational symmetry, and broadband k-space control and can be systematically
generated through a specific design rule via universal tessellation protocol.23,24 Pioneering exper-
iments on photonic HuD systems have explored IR light diffraction in 3D dielectric structures,25
microwave band-gaps formation,26 polarization filtering,27 and random quantum cascade lasers.28
Theoretical proposals have been put forward for surface enhanced Raman scattering,29 transparency
design,30 high-Q optical cavities and low-loss waveguides,31–33 and microwave photonic circuits.26
HuD structures fabrication is improving quickly, reaching already the IR range25 but not yet the
visible.
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Here, we report visible light scattering and light emission experiments from HuD plasmonic gold
surfaces. We find that the scattering from these structures is principally directed into an annular angular
pattern indicating reciprocal space engineering. Moreover, we investigate directional emission from
near-field coupled emitters which, as confirmed by theoretical modelling, is shaped into a ring from
the effective band folding into the light cone by scattering processes.
The HuD surfaces design is derived from a stealth hyperuniform point pattern with a stealthiness
parameter χ = 0.49, defined as the ratio between the number of constrained degrees of freedom to the
total number of degrees of freedom, comprising 4000 points and generated under a periodic boundary
condition, for a given average inter-scatterer distance a.23 A section of the point pattern, decorated
by discs of radius 0.3a, is shown in Fig. 1(a). At χ = 0.49, the hyperuniform point pattern exhibits
significant local structural correlations. These structural correlations give rise to a highly constrained
structure factor [shown in Fig. 1(b)] exhibiting a characteristic exclusion region for 0 ≤ ak/2pi ≤ 0.73
and a broad isotropic diffraction maximum peaked around ak/2pi = 1.03.
Next, a Delaunay tessellation protocol23 is performed, obtaining a strictly trivalent continuous
network topology [Fig. 1(c)] with the walls of thickness 0.35a. The structure factor of this network
FIG. 1. The initial HuD point pattern [panel (a)] with χ = 0.49 presents a structure factor [panel (b)] with a typical zero
around k = 0 and a broad isotropic diffraction maximum (inset). The HuD connected network [panel (c)] broadly preserves
the k-space characteristics [panel (d)] of the point pattern. Sketches and SEM images of the resulting pillar-type [panels (e)
and (g)] and network-type [panels (f) and (h)] HuD surfaces.
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is presented in Fig. 1(d). The stealthiness of the architecture has been significantly reduced: the
diffraction spectrum [Fig. 1(d), inset] exhibits low intensity diffuse scattering around k = 0, in
contrast to the sharp exclusion zone of the simple point pattern [Fig. 1(b), inset]. Nonetheless, the
general form of the point pattern structure factor dominated by a single broad and isotropic resonance
around ak/2pi = 1.09 is reproduced by the network.
The hyperuniform designs are then converted into two families of metallic structures, a pillar-
type structure comprising a connected air fraction enclosing isolated pentagonal, hexagonal, and
heptagonal gold pillars and a network-type structure which is of inverted topology and consists of a
connected network of gold enclosing isolated air pillars. An optimization is performed in the Fourier
space23 in order to design the scattering properties, resulting in both particles and waveguides hav-
ing the variable shape and dimension. While in conventional plasmonic arrays, the building-block
is chosen to be resonant to the lowest order plasmonic resonances, and it is therefore of diameter
of the order of 10–100 nm, the pillars here, in a size range of 300–500 nm, support higher-order
plasmonic modes resulting in a smearing out of the localised surface plasmon resonances. The same
can be said of the waveguide geometry, whose width is around 300 nm, which supports a broad
range of resonances. One can therefore expect that the main response of the metallic HuD sur-
face is related to the structure factor, i.e., the diffraction from the nanostructured surface, with a
broadband plasmonic contribution without a specific plasmon mode dominating. Therefore, strong
similarities are expected between the optical response of the pillar-type and the network-type. A sig-
nature of the plasmonic dispersion is still present in the diffraction experiments and will be discussed
later.
Gold HuD surfaces were fabricated by electron beam lithography on a glass substrate for various
size scaling parameters a. The samples are of two kinds: pillar-type samples comprising isolated
pentagonal, hexagonal, and heptagonal gold pillars [sketch in Fig. 1(e) and SEM in Fig. 1(g)], and
network-type designs (identical but inverted) consisting of a connected network of gold [sketch in
Fig. 1(f) and SEM in Fig. 1(h)]. The samples are labelled as LpN for pillars and LnN for net-
works, where N = a × √4000 is the side dimension of the system: for example, Lp50 correspond to
a = 790 nm and has a side dimension of 50 µm. Network designs larger or smaller than 40 µm have
been cropped or periodically repeated, respectively, to cover a 40 × 40 µm2 area.
Figure 2 presents light scattering experiments on the pillar-type HuD surfaces whose SEM
images are shown in Fig. 2(a). Similar experiments performed on the network-type samples led to
comparable results and are not shown here. The measured far-field intensity distribution of each pillar
HuD surface is shown in Fig. 2(b). The samples were illuminated through the glass substrate with a
circularly polarized collimated laser (λ= 532 nm), while the back-scattered light (unpolarized) was
recorded in the far field by imaging the Fourier plane of a microscope objective (oil immersion,
NA = 1.45). The maximum observable momenta are overlaid as a coloured dashed circle. All Lp50
 Lp30 samples exhibit broad and statistically isotropic scattering rings which resemble the primary
resonance of the designed structure factor shown in the inset of Fig. 1(d). The momentum associated
with the scattering resonance peak increases with the downscaling of the sample; in Lp25  Lp20,
the scattering ring crosses over the observable momentum limit. The bright spot at the centre of each
far field results from the specular reflection along the axis of incidence.
Figure 2(c) shows the azimuthally averaged far-field intensity distributions. As the sample cor-
relation length is reduced in size, the momentum of the primary scattering peak increases with a
small intensity decrease. The structures Lp50  Lp35 are all characterised by a single scattering peak
with some finer structure that varies from sample to sample. Interestingly, the Lp30 sample exhibits
a double peak, while Lp25 exhibits only a secondary low shoulder peak. The linear scaling with
the reciprocal of the correlation length, shown in the insets of Fig. 2(c), can be expected by simple
diffraction theory, while the finer structures are captured by numerical finite-difference time-domain
(FDTD) simulations shown in Fig. 2(d). Our FDTD calculations were performed using a commercial
software (Lumerical). We simulate only a small sub-region of the total 40 µm designs, for compu-
tational efficiency. The thickness of the samples was set to 45 nm. The size of the FDTD region
was set to (22a + 5 µm, 22a + 5 µm, 1 µm) and was surrounded by perfectly matched layers. A
minimum mesh size of 5 nm was used in the region close to the metal structures and a conformal
mapping increased this number away from the metal region. Samples were illuminated by a total
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FIG. 2. SEM images of pillar type designs [panel (a)] together with their far-field diffraction patterns [panel (b)] when
illuminated with a 532 nm laser. The numerical aperture limits are marked as coloured rings. Panel (c) displays the azimuthally
integrated far-field distributions as a function of in-plane momentum (normalized to the incident wavevector k0), showing
broad scattering resonances. Panel (d) shows the same calculated azimuthally integrated far fields which agrees well with the
experiment. The insets [panels (c) and (d)] plot the scattering peak position as a function of the reciprocal scaling parameter
(a1) and the expected linear dependence.
field scattered field (TFSF) source producing circularly polarized plane waves of finite spatial extent
for illumination either above or below the structure. We positioned a large planar detector at the
metasurface/glass interface underneath the samples to record the near-field electric and magnetic
fields. The near-field data recorded by this monitor was transformed to the far field. The glass sub-
strate was simulated assuming a refractive index of 1.52 and Au using an available model based
on experimental data.34 In particular, FDTD predicts a multi-peak signature of the Lp30 sample,
suggesting that this feature is a genuine property of the sample. We attribute this finer structure to
the interplay of the surface plasmon at the air/gold interface sustained by a single pillar with the
linear diffraction dispersion. In fact, the HuD structure comprises elements of different sizes, much
larger than the plasmon wavelength, which present high-order resonances in the visible range and an
overall response close to that of a surface plasmon resonance of an infinite film which peaks around
k/k0 = 1.09.
We performed also a broadband scattering characterization of the Lp50 design. The sample
was illuminated from below with unpolarized white light, and the reflected and scattered light was
spectrally decomposed into its wavelength and momentum components [Fig. 3(b)] by spectrally
imaging the Fourier plane of the sample. In this way, an energy-wavevector dispersion diagram can
be constructed as shown in Fig. 3(b) (experiments) and Fig. 3(a) (FDTD calculations). Both images
display a bold diagonal slash, from low-scattering angle to high-scattering angle, and the evolution,
for increasing wavelengths, towards larger momenta of the primary scattering peak. From this linear
relationship, we conclude that the light diffraction follows the designed structure factor with a single
main peak [Fig. 1(d)].
So far, we have investigated the ability of our gold HuD surfaces to mediate between the inci-
dent and scattered light. We now seek to characterise the HuD surface electromagnetic modes
and their momentum distribution. The HuD surface modes are excited by a 50 nm layer of
poly(methyl methacrylate) polymer highly doped with fluorescent 4-(dicyanomethylene)-2-methyl-
6-(4-dimethylaminostyryl)-4H-pyran (DCM) dye molecules which was spin coated on the samples
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FIG. 3. Theoretical (a) and experimental (b) white light scattering by the Lp50 HuD surface. Both theory and experiment
match well and show that the scattering peak momentum increases linearly with wavelength.
(Fig. 4, top panel). A fraction of the molecules, those closer (<10 nm) to the metal structures, will
decay prevalently into plasmon excitations (with strong quenching), which will further outcouple to
free space radiation. Increasing their distance from the metal, the molecules will instead radiate more
and more into free-space modes (and minimal quenching), which will be scattered by the plasmonic
structure.
Figures 4(a) and 4(b) present the theoretical and experimental frequency-momentum distribution,
or dispersion plot, of the fluorescence light emitted from the Lp50 structure when excited with a
circularly polarized green laser at a wavelength of 532 nm. The detection polarization was set along the
spectrometer slit, to increase the signal to noise ratio. Figure 4(a) was obtained summing incoherently
the far fields of 48 randomly oriented dipoles. The large number of dipoles introduced was sufficient
to achieve convergence of the numerical results and robustness against different instances of the
random distribution on their positions.
FIG. 4. Generalised dispersion relationω(k) of Lp50 slab modes calculated summing incoherently the far fields of 48 randomly
oriented dipole [panel (a)] and measured by fluorescence emission [panel (b)].
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FIG. 5. Left: experimental dispersion relations for samples Lp50, Lp45, Lp40, Lp35, and Lp30 are stacked together as a
function of a/λ. Right: FDTD simulations which confirm the crossing at a/λ = 0.9 where the light is emitted normal to the
surface plane.
The pair of intense emission bands just outside the light lines (white dashed lines indicating k/k0
=±1) results from the characteristic radiation profile of a dipole near the glass-air interface.35 Inside
the light cone, we observe annular features which describe the decomposition of the HuD surface
slab modes into their in-plane momentum components. These may be viewed as the generalised
dispersion relationω(k) of the slab modes. Similar dispersion diagrams were measured for the Lp50,
Lp45, Lp40, Lp35, and Lp30 HuD surfaces.
In order to further analyse the dispersion plots of Fig. 4, we convert the emission wavelength and
in-slab momentum to the dimensionless quantities a/λ and ka/2pi, respectively. The experimental
dispersion diagrams can then be stacked into a single image to illustrate the dispersion over a large
normalized frequency range (Fig. 5, left panel). It shows that the fluorescent light is emitted isotropi-
cally from the HuD surface, into a cone with varying opening angles, which depends on the emission
wavelength to correlation length ratio. As the frequency increases from a/λ = 0.63, the dominant
momentum of the slab modes first decreases, reaching a zero in the region of a/λ = 0.9, at which
point the light is emitted normal to the slab plane, before gradually opening back out. The experi-
ments are in good agreement with FDTD calculations (Fig. 5, right panel) obtained with the spectral
function method.33 Specifically, the observed far-field angular profile can be understood as the cou-
pling of the incident light to the slab eigenmodes. In a homogeneous structure, these eigenmodes lay
outside the light cone and no coupling is possible. However, in a periodic crystal, the Bloch modes
due to the 2D periodicity would enable the folding of this dispersion relation within the light cone and
Bragg scattering would manifests itself in the far field. A similar mechanism happens in the present
non-periodic case. Although no Bloch eigenmodes exist in the structure, multiple scattering occurring
among the scatters leads to the formation of Bloch-like modes enabled from an averaged periodicity
occurring due to the short-range order with a characteristic length, a. Similar to the periodic case,
the structure factor is directly connected to the 2D Bloch-like modes that can be supported by our
patterned structure. These modes enable the zone folding and identify this process as a Bragg-like
process occurring in non-periodic structures. These results show that the electromagnetic dispersion
diagram of the HuD surface follows the designed structure factor [Fig. 1(d)] and exhibits band folding
resulting from the Bragg-like processes.
In conclusion, we designed, fabricated, and characterized gold HuD surfaces derived from HuD
connected networks. Although lacking periodicity, by reciprocal space engineering, we designed the
structure factor to be dominated by a single broad scattering resonance which was observed to dictate
both the annular far-field light scattering and directional emission properties of the HuD surfaces.
The observed HuD surface dispersion corresponds to an effective medium band that is back-folded
by Bragg-like processes. Surface plasmon resonance was found to contribute to the diffraction by
061302-7 Castro-Lopez et al. APL Photonics 2, 061302 (2017)
inducing additional peaks from their interaction with the structural diffraction peak. The observed
light emission and scattering engineering has important applications for light extraction from light-
emitting devices, absorption in solar cells, albeit limited by metal losses, and annular redirection for
displays, by exploiting the full azimuthal symmetry provided by the HuD surfaces design, when the
light front is to be modified by a very thin optical component as for future imaging devices.
The work was supported by the Engineering and Physical Sciences Research Council (EPSRC
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Grant EP/M027791/1.
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